Data obtained from animal and human brain imaging studies indicate that frontal cortex and medial temporal lobe are involved in experiencing and controlling fear and anxiety. We tested the hypothesis that benzodiazepine receptor binding is decreased in the left temporal pole and increased in the right prefrontal area among patients suffering from anxiety. We studied 10 drug-naive female patients with generalized anxiety disorder (GAD) and 10 age-and gendermatched healthy controls with MRI and with SPET by using a new 123 I-labelled specific benzodiazepine receptor radioligand, NNC 13-8241. Blindly analyzed results showed that the benzodiazepine receptor binding of [ 123 I]NNC 13-8241 was significantly decreased in the left temporal pole among patients with GAD when compared with age-and sex-matched healthy controls. This hemispheric asymmetry was studied further with a fractal analysis of the SPET images. The fractal dimension of the left hemispheric benzodiazepine receptor binding in patients with GAD was significantly higher than that of controls (1.28 ± 0.09 and 1.17 ± 0.07, respectively), whereas the intercept was decreased by 43 ± 23% reflecting more homogeneous cerebral benzodiazepine receptor density distribution in patients with GAD. The finding is analogous to the decreased heterogeneity of myocardial blood flow observed in patients with ischemic heart disease. The results are consistent with the general hypothesis that high regional heterogeneity of perfusion, metabolism and receptor density is necessary to maintain adaptation ability in the living organism.
Introduction
olism is increased in the right temporal and frontal cortex, and decreased in the basal ganglia and white matFunctional brain imaging studies on anxiety disorders ter. 8 The clinical state may affect the cerebral blood with positron emission tomography (PET) and single flow and metabolism quite remarkably. Although photon emission tomography (SPET) have given inconbenzodiazepine receptor density may fluctuate over sistent results showing both increased and decreased time, the up-or down-regulation is much slower than cerebral blood flow, metabolism and receptor density the changes in the blood flow or metabolism, which in the neocortical and hippocampal regions among can change substantially within seconds. Thus, during patients with panic disorder. [1] [2] [3] [4] [5] [6] A recent PET-MRI the last few years, specific radioligands have been used study in patients with post-traumatic stress disorder to study the benzodiazepine receptors to elucidate the demonstrated a prominent activation of the amygdalas pharmacological and molecular aetiology of anxiety and medial temporal lobes during the recall of anxietydisorders. inducing memories. 7 Data on patients with generalized Anxiety disorders have been studied in vivo using anxiety disorder (GAD) suggest that the cerebral metabbenzodiazepine receptor-specific SPET radioligands.
when compared with epileptic patients, 9 and lower power-law relationship between two variables appears to be linear when the relationship is expressed in terms uptake in the left inferior lateral temporal region when compared with dysthymic patients. 11 Our earlier of the logarithms of the variables. We obtain the fractal curve by plotting log [RD(N)] vs log (N). The asymptotic results with panic disorder patients showed focally increased [ 123 I]iomazenil uptake in the right middle slope, for large N-values, gives the fractal dimension − 1, D − 1. The intercept, RD(N = 1) can be obtained by frontal gyrus. 10 Using a single bolus of [ 123 I]iomazenil leads to transient equilibrium of the radioligand linear extrapolation of the plot to the ordinate, where log 1 = 0, which gives the apparent relative dispersion, between blood and tissue at 3-3.5 h post-injection. 12 This enables the measurement of benzodiazepine bind-RD(N = 1), for the whole organ. Thus it is possible to measure the brain receptor distribution heterogeneity ing but limits the signal-to-noise ratio. Therefore, infusion studies or radioligands with slower metabby using the aforementioned procedure, and largely bypass problems with spatial resolution and region of olism would be useful to achieve better count statistics and higher signal-to-noise ratio in studying benzodiainterest analysis.
A new benzodiazepine receptor radioligand, zepine receptor characteristics in living humans. More slowly equilibrating ligands would be especially suit-[ 123 l]NNC 13-8241 with high affinity and very slow metabolism has become available. 21, 22 The specific able for non-quantitative outcome measures, but not for quantitative measures such as binding potential binding of NNC 13-8241 is 13-25% higher than that of iomazenil in the given region (see Table 1 in Kuikka et measurements.
The normal variations in blood flow, metabolism and al, 1996
22
). Because this radioligand is metabolically more stable 21, 23 than the radioligands hitherto receptor densities are important to brain functions, and this variation is decreased during pathophysiological developed for imaging of benzodiazepine receptors, it is suitable for studying benzodiazepine receptor bindprocesses, such as epilepsy. 13, 14 Therefore, it would be relevant to study the brain receptor distribution to ing in living humans.
No published data exist on benzodiazepine receptor elucidate the molecular etiology of mental disorders such as GAD. However, the functional changes distribution in patients with generalized anxiety disorder (GAD). The first aim of this study was to test the observed in anxiety and panic disorders are small, a few per cent only, and co-registration of functional hypothesis that benzodiazepine receptor density in patients with GAD is decreased in the left inferior temimages (PET and SPET) to structural MRI with high spatial resolution (Յ1 mm) is a difficult task. 15 poral lobe (temporal pole) which has been the only consistent result in the studies on patients with other Normal receptor distribution in the brain is broadly heterogeneous, as illustrated by post-mortem autoanxiety disorder, panic disorder. 2, 3, 9, 11 On the basis of our recent results showing increased iomazenil bindradiographic mapping. 16 Throughout the cortical regions examined, receptor binding displays a characing in the right prefrontal cortex among patients with panic disorder, 10 we also tested the hypothesis that teristic laminar pattern in which different layers show from very low to high receptor density. The spatial variation in receptor densities exists in the living [17] [18] [19] [20] A fractal relation exists between the observed heterogeneity and the number of sub-300.02 = Generalized anxiety disorder, DSM-IV.
regions.
14 This relation follows the power law function.
a Received fluoxetine 1 month more than a year before scanning. deviation divided by the mean), N is the number of c benzodiazepine receptor density is increased in the 8241 when related to white matter reaches a plateau from 5 h onwards. 22 Thus it is obvious that the results right prefrontal cortex among patients with GAD. The second aim of this study was to apply a fractal analysis of 5-6 h scan mainly represent the distribution of BZ receptors. The subject's head was positioned using posin order to extend the findings on benzodiazepine receptor radioligand [
RD(N)
123 I]NNC 13-8241 binding in ition lasers in a head holder specifically built for the Siemens MultiSPECT 3. In total 6-9 million counts patients with GAD and in age-and gender-matched healthy controls.
were acquired for the entire head using an angular step of 3°over 360°(matrix size 128 × 128 and 120 projections). Total scanning time was 27 min.
Material and methods
Three millimeters thick transaxial (oriented in orbitomeatal line), sagittal and coronal slices were reconThe procedure was approved by the local ethical committee (Kuopio University Hospital), and volunteers structed using a Butterworth filter (a cut-off frequency of 0.6 cm −1 and an order of 7). The Chang attention corprovided their written informed consent after complete description of the study. All 20 persons were white rection was applied with the uniform attenuation coefficient of 0.10 cm
. The imaging resolution was 7-Caucasian subjects. Ten newly diagnosed unmedicated female patients with GAD (300.02, DSM-IV; aged 19-8 mm. Two consecutive slices were summarized in order to obtain a total slice thickness of 6 mm, and a 49 years, mean 39 years) were studied using [
123 I]NNC 13-8241 SPET. The sociodemographic and diagnostical semi-automatic brain quantification program of Siemens Gammasonics Inc (Hoffman Estates, IL, USA) was data are shown in Table 1 . The patients were recruited from a private out-patient psychiatric clinic, which used to analyze the regions of interest. First, the slices were rotated and realigned so that the transaxial (xthey had contacted to seek treatment for their symptoms. The diagnoses based on DSM-IV classification direction), sagittal (y-direction) and coronal (zdirection) slices were in 90°angles to each other. Secwere made by an experienced senior psychiatrist (UL). The level of anxiety was measured by using the Hamilondly, the regions of interest were drawn onto aligned transaxial slices on the right and then mirrored on the ton Anxiety Scale (HAM) 24 and the severity of the illness with the seven point Clinical Global Impression left. Regions of interest (ROIs) were calculated for the temporal pole and the medial prefrontal cortex. The Scale (CGI). 25 Alcoholism, substance abuse, psychoses, major affective disorders, other anxiety disorders and mean counts in each region were used to calculate the laterality index, 27,28 L, defined by the mean rightsevere somatic diseases were exclusion criteria for the study. All patients were professionals or skilled workminus-left benzodiazepine binding normalized to their mean: ers (merchants, saleswomen, teachers and laboratory assistants) as well as their comparison subjects (nurses and secretaries). Ten healthy volunteers (known by the
investigators) with no neurological or psychiatric disorders nor any kind of medication (all females, aged where ROI i represents the mean counts per voxel in the given region of interest. In addition, the regional counts 24-57 years, mean 38 years) served as controls.
To test the effect on [
123 I]NNC 13-8241 specific bindwere normalized to the mean counts of the white matter 29 (representing non-specific binding plus free ing in the cortical areas, flumazenil displacement study (200 g) was performed in one healthy male subject. radioligand). Temporal pole-to-white matter and prefrontal cortex-to-white matter ratios were calculated. The specific binding uptake of the cortical areas was reduced on the average by 19% at 3 h after flumazenil
The rater (MY) was not aware of the diagnostic category or the clinical data of the subjects. (200 g) i.v. injection when compared with the corresponding time of the baseline study.
Fractal analysis
In the fractal analysis, 24 regions of interest were semi-SPET A dose of 160-210 MBq of [
123 I]NNC 13-8241 (MAP automatically segmented (15°) onto each slice using a lower threshold of 60% of the mean cortical counts Medical Technologies Inc, Tikkakoski, Finland) with specific radioactivity higher than 100 GBq mol −1 (Figure 1 ). Thus each hemisphere contains 108 subregions. These count levels under 60% were removed (Ͼ2600 Ci mmol ) was intravenously injected into a subject's right antecubital vein in a dimly lit and quiet to reduce artifacts of volume averaging errors, and to exclude white matter, thalamic and other background room. 22 The subject was lying with her eyes closed on the measuring table during the time of injection. The counts. We can be sure that non-neocortical regions were included since there is a four-to-five-fold higher first SPET scan ('perfusion phase') was carried out 5 min after injection of radioligand using a three-head uptake of [ 123 I]NNC 13-8241 in the neocortex than in the white matter. 22 Regional count densities varied Siemens MultiSPECT 3 gamma camera with fan-beam collimators. 26 The second scan ('receptor phase') was from 8500 to 16 800 counts cm Thus, the relative dispersion was used as a measure of the heterogeneity of neocortical benzodiazepine receptor distribution. The largest value of RD (N = 108) for each hemisphere was used to compare possible sideto-side difference. Linear least-squares regression lines were fitted for the logarithm of the relative dispersion vs the logarithm of the number of sub-regions (Figure 2 ). The first two sub-regions (N = 1 and 3) were excluded from the regression due to the fact that these data points did not reach the level of linearity in the fit. The slopes (fractal dimension) and the intercepts (at N = 1) of linear fits as well as their statistical errors for evaluation of the goodness of the fit were calculated using an ORIGIN 4.1 program (Microcal Software, Inc, Northampton, MA, USA).
MRI
The MRIs were acquired on a 1.0 T scanner (Siemens Impact Expect, Erlangen, Germany) using a standard heat coil and a sagittal 3D gradient echo sequence (TR umes of the prefrontal areas and temporal poles were drawn manually by an experienced physicist (MK).
RD(N)
[%] = 100 · (standard deviation of (3) the counts)/mean counts
Statistical analysis
The results are given as means ± standard deviation where standard deviation of the counts is calculated (s.d.). Differences in the right-to-left ratios between within each sub-region, and the index N is the number patients and controls were tested using Student's t-test of sub-regions (N = 1, 3, 6, 9, 12, 18, 24, 36, 54 and 108 for unpaired samples. Differences in the regional per hemisphere) needed in fractal analysis. Figure 2 uptakes were tested using paired Student's t-test. A illustrates the average relative dispersion probability threshold of P Ͻ 0.05 was assumed to rep-(heterogeneity) against the number of sub-regions. resent a significant change.
Results

Perfusion phase (5 min after administration of radioligand)
There were no statistically significant differences in regional uptake between the patients with GAD and the healthy control subjects, although in the patients there was a slight right-to-left asymmetry in the temporal poles during this 'perfusion phase imaging' (Table 2) . However, this failed to attain statistical significance. The fractal analysis was not performed for the SPET images taken during the perfusion phase. Figure 3 shows the [ 123 I]NNC 13-8241 uptake in a 26- 13-8241 SPET scans in 10 controls and 10 patients. The radioligand uptake is decreased in the left temporal of the control subjects had a similar finding, the highly increased D (Ն1.3) with the reduced intercept. pole of the patients, but no significant difference was seen in the right prefrontal cortex (4.32 ± 0.23 and MRI scans showed no anatomical abnormalities in any of 20 subjects. The volumes (cm 3 ) of the temporal 4.27 ± 0.14, respectively).
Receptor phase (5-6 h after administration of radioligand)
The region of interest analysis revealed that the poles at the level of ROI were 17.4 ± 3.6 (mean ± s.d.) among controls vs 18.3 ± 3.3 among patients on the left, [ 123 I]NNC 13-8241 uptake in the left temporal pole among patients was significantly lower than in controls and 18.8 ± 3.5 among controls vs 20.9 ± 4.3 among patients on the right (differences not significant). There (Table 2) . Therefore, the first hypothesis was confirmed. The prefrontal regions did not reveal any sigwere no significant volumetric side-to-side differences in patients with GAD. nificant laterality differences between patients and controls. Therefore, the second hypothesis was rejected. Following the fractal analysis of the images Discussion we found that the fractal dimension was significantly increased in the left hemisphere of the patients,
Region of interest analysis
Benzodiazepine receptor binding has been studied prewhereas the intercept was significantly decreased reflecting more homogeneous benzodiazepine receptor viously in patients with panic disorder using [ 123 I]iomazenil which is suitable for studying benzodiazepine density in patients with GAD (Table 2 ). This finding confirmed that the most affected side is the left hemireceptor binding in vivo. However, relatively fast metabolism of this radioligand limits the signal-tosphere. The heterogeneity of the right side in patients with GAD was also lower than that of healthy controls, noise ratio because of a relatively short transient equilibrium for SPET imaging. The new [ 123 l]NNC 13-8241 although this difference did not reach statistical significance.
radioligand with very slow metabolism and with subnanomolar affinity [21] [22] [23] to benzodiazepine receptor Figure 5 shows the inverse relation between the fractal dimension and intercept in healthy controls and in complex made it possible to achieve a more long-lasting equilibrium which results in better count statistics patients with GAD. As shown by the data in Figure 5 , the increased fractal dimension (close to complete ranand a higher signal-to-noise ratio, being beneficial when semiquantitative outcome measures are used. To domness, 1.3 Ͻ D Ͻ 1.5) in five of the patients with GAD indicates more homogeneously distributed our knowledge, the present study presents the first results with this kind of method from patients with benzodiazepine receptor density (intercept). Only one The results indicate that the benzodiazepine receptor binding is not increased in the right prefrontal cortex among patients with GAD as it has been suggested Figure 5 The curvilinear relationship between the fractal dimension and intercept of benzodiazepine binding in among patients with panic disorder. 10 In patients of patients with GAD (᭹; n = 10) and in healthy controls (ᮀ; this study, there was a significant decrease in the n = 10). The higher fractal dimension introduces the lower regional uptake of the left temporal pole which is in heterogeneity.
line with results obtained from [ 123 I]iomazenil studies on panic patients by Feistel 2 and Kaschka et al. 3, 11 Our results thus suggest that the benzodiazepine receptor uptakes in GAD and panic disorder differ from each anxiety disorders, and also the first results from the other in the prefrontal cortex, but resemble each other benzodiazepine receptor binding among patients with in the left temporal pole. While it is unlikely that the GAD.
observed decrease in signal is due to delivery differ-[ 123 I]NNC 13-8241 binding in different brain regions was consistent with the known distribution of cerebral ences because of the lack of statistically significant dif-ferences in perfusion images, this cannot be excluded ventional PET, SPET, MEG, EEG, and fMRI techniques as the scans were performed while a net influx of due to the fact that all the techniques have either a ligand was still occurring. 22 The finding may represent limited spatial resolution, temporal resolution or neurobiological variation which is associated with the both. 39 Especially, low-spatial resolution PET and vulnerability to generalized anxiety and the manifes-SPET data limit the finest, statistically significant blood tation of the illness, or it may reflect the brain's secondflow/receptor uptake changes to the regions of interest ary reaction which is trying to compensate the funcwhich have to have around 2-fold difference with the tional neurobiological state causing excessive anxiety.
image resolution of 10-20 mm. The solution to find The question could be investigated in a follow-up small disturbances may be found by using fractal study, in which the patients are treated with nonanalysis of the brain activity distribution. benzodiazepine drugs (eg with serotonin re-uptake
The observed relative dispersion (heterogeneity) is a inhibitors) and studied with SPET when the anxiety function of sample size, and the greatest estimate of the has disappeared or diminished significantly.
heterogeneity will be obtained from the smallest subThe results obtained from studies using a rat model regions of the organ. 17, 40 The autoradiographic mapof anxiety suggest that fear and fear-potentiated ping of receptor densities in post-mortem human brain response 33, 34 require information processing in the allows analysis of sub-regions in a millimeter scale or amygdaloid complex of the medial temporal lobe, and less. 16 Limited spatial resolution of SPET and PET recent studies provide evidence that the prefrontal corcounts the regions 2-3 orders coarser than with autotex is important for the extinction of conditioned fear radiography. Thus, the observed heterogeneity (about reactions in rats. 34, 35 The ROIs in the present study 10%) of the present study is much less than in reality. comprised the cortical areas only, because of the limWe can further extrapolate our fractal curves for ited imaging resolution of SPET in the amygdaloid smaller and smaller regions, ie to a volume of 1 mm 3 . complex. Further studies are needed to elucidate the The average extrapolated heterogeneity (relative disinvolvement of this region in anxiety disorders. It persion with volumetric size of 1 mm) is between 28-remains to be shown to what extent the left temporal 31% (right and left, respectively) in healthy controls, pole influences human amygdala-mediated functions, which is 3-fold when compared with the observed one but our results suggest that benzodiazepine receptors with the volumetric size of 1 cm 3 . The value of 30% in the left temporal pole are important in controlling for the heterogeneity might be a good guess, and it fear and anxiety in humans.
should be high enough to possess adaptive advantages. It has been suggested that anxiety disorders may be It has been suggested that the multi-scaled fractal caused by altered GABA-benzodiazepine function by:
property of neuronal functions has obvious adaptive (a) increased endogenous inverse agonism; (b) benzoadvantages, because a system with multi-scale variadiazepine receptor spectrum changes; (c) decreased bility is more capable of coping with an inherently endogenous agonism; or (d) a combination of these. 32 unpredictable environment. 13, 14, 40 The results of the Data on patients with panic disorder 36 and with social present fractal analyses study indicate that regional phobia 32 have demonstrated that benzodiazepine benzodiazepine receptors of the left hemisphere in antagonist flumazenil increases anxiety symptoms. If patients with GAD are more homogeneously distribthe anxiety were caused by increased inverse agonism, uted than those of healthy control subjects. then the symptoms should decrease when the endogenous inverse agonist is displaced by the antagonist. The aforementioned findings imply that it is not likely that anxiety symptoms are caused by increased inverse agonism. Receptor spectrum changes per se should not Conclusions affect the number of the receptors, and the decreased number of receptors can be logically assumed to be This study presents the first published results on associated with decreased agonism. Therefore, our benzodiazepine receptor density and distribution findings are consistent with the hypothesis that among patients with GAD. Receptor density among patients with GAD have decreased endogenous benzopatients was significantly decreased in the left temdiazepine agonism.
poral pole as reported previously among patients with panic disorder. Fractal analysis further revealed that benzodiazepine receptor distribution is markFractal analysis edly more homogeneous in the left temporal cortex The concept of fractal analysis originated by Mandelamong patients. The finding from patients with GAD brot 19 has been adapted to characterize a variety of anais analogous to the decreased heterogeneity of myotomic and physiological phenomena. 17, 18, 20, 37, 38 Funccardial blood flow observed in patients with ischemic tional changes in the brain functions in patients with heart disease. The results are consistent with the genvarious neuropsychiatric disorders are often very eral hypothesis that high regional heterogeneity of small, only a few percent. 4, [9] [10] [11] Small changes in blood perfusion, metabolism and receptor density is necesflow, receptor occupancy or electrical activity between sary to maintain adaptation ability in the living the normal heterogeneity and pathological states are often difficult to measure with high accuracy by conorganism.
gand for SPECT visualization of benzodiazepine receptor binding.
